We present a three-component mixing model for the evolution of O abundance relative to Fe, taking into account the contributions of the first very massive stars (with masses of ∼ > 100 M ⊙ ) formed from Big Bang debris. We show that the observations of O and Fe abundances in metal-poor stars in the Galaxy by Israelian et al. (1998) and Boesgaard et al. (1999) can be well represented both qualitatively and quantitatively by this model. We use the representation of the number ratios
Introduction
In a recent theoretical study of Fe and r-process abundances in the early Galaxy by Wasserburg & Qian (2000a) , it was proposed that the first stars formed after the Big Bang were very massive ( ∼ > 100 M ⊙ ) and promptly enriched the interstellar medium (ISM) to [Fe/H] ∼ −3, at which metallicity formation of regular stars (with masses of ∼ 1-60 M ⊙ ) took over. Subsequent Fe enrichment was provided initially by a subset of Type II supernovae (SNII). The interpretations of Wasserburg & Qian (2000a) were based on observations of metal-poor stars in the Galaxy by Gratton & Sneden (1994 , McWilliam (1998) , and Sneden et al. (1996 and Sneden et al. ( , 1998 . The critical metallicity [Fe/H] ∼ −3 deduced by Wasserburg & Qian (2000a) for transition from formation of very massive stars to regular stars is in remarkable coincidence with the lower bound of [Fe/H] ∼ −2.7 observed in damped Lyα systems over a wide range in redshift (e.g., Prochaska & Wolfe 2000) . Furthermore, Wasserburg & Qian (2000b) showed that the [Fe/H] of damped Lyα systems can be explained in a straightforward manner by addition of Fe from SNII to the prompt inventory provided by the first very massive stars and that the evolution of [Fe/H] with redshift reflects the chronology of turn-on of protogalaxies.
The first very massive stars would certainly produce elements other than Fe. One of the issues to be resolved is the general problem of the nucleosynthetic signatures of these stars.
This problem was discussed in the early work by Ezer & Cameron (1971) . More recently, studies on condensation of Big Bang debris (e.g., Bromm, Coppi, & Larson 1999) indicated that protostellar aggregates of ∼ 100 M ⊙ may be formed. Evolution of zero-metallicity stars of ∼ > 100 M ⊙ was discussed by Fryer, Woosley, & Heger (2000) . Calculations by Heger, Woosley, & Waters (2000) suggest that C, N, O, Mg, Si, and Fe are produced in large amounts by these stars. The question is how the theoretical models of nucleosynthesis in the first very massive stars formed from Big Bang debris are related to the observations.
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Another issue concerns the Fe enrichment by Type Ia supernovae (SNIa). It was assumed by Wasserburg & Qian (2000a,b) that SNIa started to contribute Fe at [Fe/H] ∼ −1 and were responsible for ∼ 2/3 of the solar Fe inventory. In a self-consistent Fe enrichment model, the history of SNIa Fe contribution needs to be examined more carefully based on observations.
In this paper we present a phenomenological model for the evolution of O abundance relative to Fe. Our approach differs from previous studies (e.g., Timmes, Woosley, & Weaver 1995) in the following respects. Previous studies rely on many inputs such as the nucleosynthetic yields predicted by various models of SNII and SNIa and some description of star formation. In the approach here we attempt to identify a chemical evolution model that can account for the observed evolution of O abundance relative to Fe in terms of several key parameters. We hope that this approach will give a simple yet complete interpretation of the data. The usual representation of the O and Fe data is to display [O/Fe] against [Fe/H] .
In the approach here we use (O/Fe) versus 1/(Fe/H), with the round brackets indicating the number ratios. If there is only a single source with a fixed production ratio of O to Fe beyond a certain point, the subsequent evolution of (O/Fe) as a function of 1/(Fe/H) is along a straight line segment. As will be shown, this representation also facilitates a simple geometric means to describe the evolution of O and Fe abundances in the general case. As the first very massive stars are thought to be a source of O and Fe (Heger et al. 2000) , the value of (O/Fe) Based on the observations of metal-poor stars in the Galaxy by Israelian, Garcia Lopez, & Rebolo (1998) and Boesgaard et al. (1999) , the value of (O/Fe) resulting from the prompt production by the first very massive stars is ∼ 20 (O/Fe) ⊙ . Comparison of our model with the same observations gives a history of SNIa Fe contribution that is consistent with the results of previous studies (e.g., Timmes et al. 1995) and with the assumptions of Wasserburg & Qian (2000a,b) . The average production of O relative to Fe for SNII is found to be (O/Fe) II ∼ 3 (O/Fe) ⊙ , which is ∼ 7 times lower than that for the very massive stars. Our model is presented in §2 and compared with observations in §3. Discussion and conclusions are given in §4.
Model for Evolution of O Abundance Relative to Fe
For simplicity, we focus on the evolution of O and Fe abundances in a closed system with a fixed mass. This mass can be stored in gas and stars. The initial state P at time t = 0 contains gas only. At t > 0, the total mass of gas M gas (t) and that of stars M star (t) satisfy M gas (t) + M star (t) = M gas (0).
We ignore the return of O and Fe to the gas by stars that are not related to SNII or SNIa and consider that stars sample the composition of the gas at the time of their birth. Thus the mass fraction X E (t) of the element E in the gas is governed by
where P E,II (t) and P E,I (t) are the total rates for production of the element by SNII and SNIa.
Differentiating equation (2) with respect to t gives
where equation (1) has been used. Equation (3) can be integrated to give
Note that the integrands in equation (4) only depend on the production rates per unit mass of gas. As the mass fraction of H in the gas is nearly constant during its evolution, X E (t) is proportional to the number ratio (E/H). So equation (4) can be rewritten as
where (E/H) P is the inventory for the initial state P, and (E/H) II and (E/H) I represent the integral of the production rate per unit mass of gas over time for SNII and SNIa. We consider that the first very massive stars (with masses of ∼ > 100M ⊙ ) formed from where the model reduces to only two components, the prompt source and SNII (no SNIa).
In this domain, the number ratio of O to Fe in the gas is
where (Fe/H) = (Fe/H) P + (Fe/H) II . Equation (6) can be rewritten as
Thus the ratio (O/Fe) is a linear function of (Fe/H) P /(Fe/H) with a slope of
The evolution of (O/Fe) If the SNII contributions were to cease and SNIa were to begin to contribute Fe at the state corresponding to point A on the line segment PII in Figure 1 , then the evolution of (O/Fe) would again reduce to a two-component mixing model with one member being state A and the other being SNIa. In this simplified case (no concurrent production by SNII), the evolution of (O/Fe) beyond point A would be along the line segment AI in Figure 1 corresponding to
where ( As SNII still occur after SNIa start to contribute Fe at point A, the actual evolution of (O/Fe) follows a curve between the line segments AII and AI in Figure 1 . This is a three-component mixing regime involving state A, SNII, and SNIa. An important parameter for this regime is the rate per unit mass of gas for Fe production by SNIa relative to SNII:
For a constant γ, we have
corresponding to the line segment AC in Figure 1a .
and (Fe/H) P /(Fe/H) = 0, and represents the result after an infinite number of SNII and SNIa (eq. [10] ). It can be seen that the line segments AII and AI correspond to the limits γ = 0 and ∞.
In general, γ is a function of time t. We can discuss the evolution of (O/Fe) as a function of (Fe/H) P /(Fe/H) for the case of a time-dependent γ by calculating
From the rates for addition to the total O and Fe inventory in the gas,
we obtain Equation (13) also gives
According to equation (14), if γ(t) increases with time, i.e., 
Comparison with Observations
We now proceed to compare the phenomenological model presented in §2 with the observational data on the evolution of O abundance relative to Fe. We take [Fe/H] P = log (Fe/H) P − log (Fe/H) ⊙ = −3 to correspond to the initial state P resulting from the prompt production by the first very massive stars. Here the subscript "⊙"
indicates quantities pertaining to the sun. The data from the observations of metal-poor stars (mostly unevolved halo stars) in the Galaxy by Israelian et al. (1998) and Boesgaard et al. (1999) Fe/H] in Figure 2a . The data at (Fe/H) P /(Fe/H) < 0.066 are shown without error bars in the inset. Note that the data of Boesgaard et al. (1999) have been modified to match the scale of stellar parameters used by Israelian et al. (1998) (see Israelian, Garcia Lopez, & Rebolo 2000) . Figure 2a shows that the evolution of (O/Fe) For a quantitative comparison of the model trajectory with the data on the evolution of O abundance relative to Fe, we assume a time parameterization where the rate per unit mass of gas for Fe production by SNII is constant over Galactic history. This rate can be
where α is the fraction of the solar Fe inventory contributed by SNII and t SSF is the time of solar system formation (with t = 0 corresponding to the initial state P). The occurrence of SNIa is considered to depend on the accretion of matter onto a white dwarf from its binary companion. The formation of white dwarfs requires long-term stellar evolution and thus SNIa cannot occur early in Galactic history. We assume that SNIa Fe production begins to occur at state A and then increases to a constant value relative to SNII Fe production over a timescaleτ (it will be shown that the results are not sensitive to the choice ofτ ). This is represented by the following expression of the rate per unit mass of gas for Fe production by SNIa relative to SNII:
where t A is the time corresponding to state A, and θ(t − t A ) is a step function with its value being unity at t ≥ t A and zero otherwise. Under the above assumptions, the O and Fe inventory in the gas is
and
After choosing a set of parameters
can obtain (O/Fe) as a function of (Fe/H) P /(Fe/H) from equations (17) and (18). The quantities (O/Fe) II , t A , and γ ∞ in these equations are given by
Note again that the time t (measured in units of t SSF ) is introduced as an implicit parameter to be eliminated from the final results. The form of this parameterization does not significantly affect these results.
As a numerical example, we take (O/Fe) 
Discussion and Conclusions
We have presented a phenomenological model for the evolution of O abundance relative to Fe. In this model, the first very massive stars formed from Big Bang debris provided a prompt inventory of Fe ([Fe/H] P ∼ −3) and O, thus defining an initial state of the ISM.
Subsequent O enrichment was provided by SNII that are related to regular massive stars, while subsequent Fe enrichment was provided by SNII followed by additional contribution from SNIa. Prior to the onset of SNIa Fe contribution, the evolution of (O/Fe) as a function of 1/(Fe/H) is along a straight line segment (Fig. 1) . Subsequent evolution is governed by the rate per unit mass of gas for Fe production by SNIa relative to SNII (Fig. 1) . Based on the observations of Israelian et al. (1998) and Boesgaard et al. (1999) Meteoritic data on the inventory of radioactive 129 I and 182 Hf in the early solar system require at least two distinct kinds of SNII as sources for the r-process (Wasserburg, Busso, & Gallino 1996; Qian, Vogel, & Wasserburg 1998; Qian & Wasserburg 2000) . These are the high-frequency SNIIH events responsible for heavy r-process elements with mass numbers A > 130 (e.g., Ba and Eu; "H" for "high-frequency" and "heavy r-process elements") and the low-frequency SNIIL events dominantly producing light r-process elements with A ≤ 130 (e.g., Ag; "L" for "low-frequency" and "light r-process elements"). The timescales required for replenishment of the appropriate radioactive nuclei in an average ISM by the SNIIH and SNIIL events are ∼ 10 7 yr and ∼ 10 8 yr, respectively. These timescales can be explained by considering the mixing of the ejecta from an individual SNII with the ISM.
The amount of ISM to mix the SNII ejecta is the mass swept up by a supernova remnant (SNR). The expansion of an SNR can be roughly described by an energy-conserving phase followed by a momentum-conserving one (e.g., Thornton et al. 1998 ). This expansion results in a total swept-up mass of Observations of metal-poor stars in the Galactic halo McWilliam 1998; Sneden et al. 1996 Sneden et al. , 1998 show that there is wide dispersion in the Ba abundance log ǫ(Ba) ≡ log(Ba/H) + 12 at [Fe/H] ∼ −3 (region b in Fig. 3 ). This dispersion in the Ba abundance (∼ 2 dex) at a nearly constant [Fe/H] led Wasserburg & Qian (2000a) to conclude that the SNIIH events cannot produce a significant amount of Fe. The Ba abundance becomes extremely low for [Fe/H] < −3 and there is no correlation with Fe in this region (region a in Fig. 3 ), indicating that there was some Fe production prior to the occurrence of SNII. Observations (Gratton & Sneden 1994 ; see also McWilliam et al. 1995) also show that there is a correlation between the abundances of Ba and Fe at [Fe/H] ∼ > −2.5
(region c in Fig. 3 ).
Estimates of the Ba abundance resulting from a single SNIIH event ( While the SNIIH events would produce oxygen, they will not be sufficient to provide
We note that two stars with Ba abundances close to our estimate for a single SNIIH Boesgaard et al. (1999) used the OH lines of metal-poor stars with a wide range of (Fe/H) . Their results represent the most complete and self-consistent data set available. There is some disagreement between different workers on the evolution of O abundance relative to Fe, in part due to the choice of spectral lines used to determine the O abundance (e.g., Barbuy 1988) . While the general model developed here must stand on its own, the numerical value of (O/Fe) P for the prompt inventory is dependent on the observational results of Israelian et al. (1998) and Boesgaard et al. (1999) .
Up to this point, we have assumed that the ISM consists of gas only and that the abundances in an individual star are representative of the average gas at the birth of the star. In fact, the Galactic ISM consists of both gas and dust, with dust making up ∼ 1% of the total mass at present. Certain elements such as Fe in the ISM are greatly depleted in the gas phase and are considered to be condensed into dust. So long as stars sample the composition of the bulk ISM including both gas and dust, we can still interpret stellar observations in terms of Galactic chemical evolution as done here because dust is converted into gas in stars. In contrast, when applying the model developed here to damped Lyα systems, it must be further assumed that Fe and O are The most accurate measurement of O abundance in a damped Lyα system so far was reported by Molaro et al. (2000) . They gave [O/H] = −1.85 ± 0.1 corresponding to [O/Fe] = 0.19 ± 0.14 for a damped Lyα system with [Fe/H] = −2.04 ± 0.1 at a redshift z = 3.39. These data do not fit the trend exhibited by the Galactic data shown in Figure   2d . The data on other elements (e.g., Cr and Zn) in the above damped Lyα system also suggest that there is no effect of dust depletion (Molaro et al. 2000) . We note that the observed value of [O/H] in this system is close to the prompt O inventory assigned here based on the Galactic data while the value of [Fe/H] is ∼ 10 times higher than the prompt Fe inventory. We cannot offer a simple explanation for these O and Fe abundances. Substantial efforts have been made to establish the dust-to-gas ratio for damped Lyα systems at redshifts z ∼ > 1. Estimates have been made for the possible dust depletion of condensible elements (e.g., Si, Cr, and Fe) relative to more volatile ones (e.g., Zn) that are considered to remain in the gas phase. Pettini et al. (1997) have argued that there is some significant dust depletion of condensible elements (by a factor of ∼ 2) in the damped Lyα systems at very early epochs. However, there is strong disagreement between various workers (e.g., Lu et al. 1996; Prochaska & Wolfe 2000) regarding the degree of dust depletion in these systems. Wasserburg & Qian (2000b) assumed that dust depletion is not a dominant effect on the chemical evolution of damped Lyα systems at z ∼ > 1. There is clear evidence for large amounts of dust in a variety of galaxies at high z. We cannot reconcile the assumption of low dust-to-gas ratios for damped Lyα systems with these observations.
The cause of the transition to the high dust content for galaxies of about the present epoch is not understood unless the later dust contribution of Asymptotic Giant Branch (AGB) stars plays a major role.
It is expected that the first very massive stars formed from Big Bang debris produce C/O ratios of ≪ 1 . 
